Abstract. Products that use micro permanent magnet brushless DC (PM BLDC) motors have the advantages of being small in size, lightweight, highly efficient, and more reliable. The product trend within the electronic technology moves toward the direction of miniaturization and high quality and thus the PM BLDC motor industry has a great potential for developments. Based on a case study on the micro PM BLDC motors for driving cooling fans, this study is to investigate the way of applying a systematic design for analyzing design parameters of brushless DC motors. The objective of this study is to reduce development costs and enhance the quality of motor operations. For a conventional motor design, designers use analytical methods to analyze and calculate the design parameters and performance parameters so that they can build a mathematical model for permanent magnets. However, in reality based on the consideration of product development parameterization and design optimization, conventional methods of analyzing magnetic circuits might fail to effectively meet the project deadlines and performance requirements within this industry. Moreover, for the application of micro PM DC motors to product designs, a motor is required to meet different requirements for its design specifications depending on the characteristics of different functions or implementations. Its design parameters need to change accordingly. Therefore, by integrating an approach of magnetic circuit analysis, a process of designing motor products was firstly determined by using the FORTRAN programming language in this study so that the specifications can be stipulated for a preliminary design. After that, the operation performance was determined by calculations and a model for finite element analyses was created based on the results. The JMAG software was also used for the analysis of motor designs. This approach can enhance the efficiency of micro motor designs and analyses so as to reduce the time spent on remodeling and numerical analysis. A fast parametric design method is proposed in this study and its effects and results were further verified.
Introduction
The application of green and energy-efficient technologies, research, and related product developments is an important topic for modern industrial developments. Among various components within a product, motors account for the largest portion of overall power consumption. Accordingly, investigators and product designers always pursue the goal of higher efficiency and make any extra efforts to develop energy-efficient technologies. With the fast development of electronic technology, the trend of consumer electronics development moves toward lightweight, downsizing, slim, and high-performance products [1, 2] . For example, to satisfy user requirements, the micro motors inside the electronics such as smartphones, micro projectors, music players, slim laptops, and mobile hard drives have went through revolutionary changes. The material properties of neodymium-iron-boron (NdFeB), which is extensively used in PM BLDC motors, such as thermal stability and corrosion resistance have been improved and this leads to higher efficiencies and the advantage of being energy efficient [3, 4] . The PM BLDC motors' design, control, and performance analysis are also the hot topics among academic research and the motor industry. New types of PM motors keep emerging in replacement of old designs and they include printed winding motors, disk-type motors, drag-cup motors, and pulse width modulation (PWM) motors. Researchers set about the study of these motors from motor optimization designs and performance analyses [5, 6] . After acquiring the experience of parameter calculations for the motors' electromagnetic field, the next stage of development deals with ultra-high speed, high torque, high level of functionalization, miniaturization, etc. It is expected to apply extensively to various fields which include micro factories, industrial robots, office automation facilities, electric cars, computers and communication equipment, etc. The design of the magnetic circuits for PM motor products is more complex and the design analyses and calculations are more complicated than conventional motors. The current bottleneck for motor developers includes the deficiency of research data, related criteria, and testing results. Therefore, it is an important topic for researchers to investigate the effective approach of conducting PM motor designs and analyses.
To be able to accurately calculate PM motors' design parameters and performance, the first step is to obtain the correct distribution in the magnetic field. This goal can be realized by conducting the analysis of the magnetic field instead of the conventional approach of circuit calculations. Among available tools, the finite element method (FEM) is the most vigorous one for resolving the problem of magnetic field analysis. This method is extensively used in the engineering research field and is the most advantageous one especially when solving for the domain of related electromagnetic fields with boundary conditions. However, since PM motors have complex and diversified structures, which are required to adapt to different scenarios of usage in the industrial circles, it is necessary to integrate different approaches of motor controls into their design. The application of FEM to the numerical analysis of PM motors still encounters problems which need to be overcome. Therefore, from this standpoint, this study adopted FEM as numerical method for analyzing and creating the model of motor design parameters so as to carry out in-depth research on the problems related to the electromagnetic field of PM motors. The implication of the physical model and the mathematical model can be clarified by the analytical solution with the theoretical foundation. The results that were obtained can be verified accordingly. The FEM was used by several researchers for analyzing PM DC motors. For example, Craiu et al. [7] used the dynamic FEM to calculate the electromagnetic torque and carry out their research on the magnetic saturation, armature rotation, and temperature variations. However, fluctuations exist when the rotor is rotating and the analysis of PM DC motors should not be confined to the analysis of the static magnetic field. It is also required to consider the directional alteration of the armature winding. In particular, the cogging torque due to alternating the direction of a low-power micro motor is typically larger [8] . Vibrations and noise can be easily generated when the torque design of PM motor teeth/slots is incorrect. Therefore, it is required to carry out accurate calculations for determining the correct measures of reducing the influence of the cogging torque [9, 10] . The reasons for a motor to generate the cogging torque include that due to the teeth/slots design, that due to the alternation of electric current, and that due to the influence of armature reaction. The first two types of cogging have greater influences but they can be improved via optimization designs. Several scholars [11, 12] further analyzed the causes of cogging and explicitly proposed approaches of improving and restraining the cogging problem. They also investigated the accurate calculation of teeth/slots, used analytical and numerical methods to study oblique slots, and resolved the problem of torque calculations for teeth/slots with oblique poles. From their results, the optimal teeth/slots dimensions, polar arc width, and magnetization approach for permanent magnets can be determined so as to reduce the influence of teeth/slots torque. They also proposed reducing the directional variations in teeth/slots torque to improve motor performance for design optimization.
Design of a Micro PM BLDC Motor

Build a Model of Micro Motor Structure, Dimensions, and Magnetic Field Analysis
A micro brushless PM motor is typically built in an external rotor structure [13, 14] . Its armature winding is built on the stator and the internal permanent magnet is installed to the inner side of the rotor. The following procedures are required when constructing a motor structure. 1) Determine the dimensions of the motor's structural design and these include stator inner diameter, stator core length, permanent magnet volume, rated power of the motor's load characteristics, rated voltage, and the motor's rotation speed. 2) Select the type of permanent magnet structure, PM material, approach of magnetizing the magnet, and the stator core material. 3) Select the teeth/slots structure for the motor stator. Prior to designing the micro motor, it is required to determine the preliminary specifications and parameters based on practical motor usage requirements. These design parameters include: the motor's main dimensions, stator structure, the rotor's magnetic steel dimensions, magnetic energy, and electric circuit. When determining the number of motor phases and configuring teeth/slots layouts, it is also required to pay special attention to several design essentials: 1) Phase count: The phase count is related to the cogging torque. The more the phase count is, the smaller the cogging torque. 2) Pole count: The increase in the pole count leads to the increase in iron loss. When the loss in the electronic commutator is increased, the motor efficiency decreases. 3) Slot count: if the slot count is an integer, the stator's copper rotor magnetic poles attract each other and this generates the orientation torque phenomenon, which leads to the deteriorating quality of motor operations. 4) The motor poles and slots must match. 5) The way of connecting the motor winding needs to be considered.
Before carrying the analysis of a motor's magnetic field, an effective motor simulation model should be firstly built based on the above-mentioned type of motor structure and the dimensions of the motor's each components. Via the magnetic field analysis of the model, the motor's magnetic circuit design can be verified and the motor structure can be optimized. The design of a micro brushless DC motor was firstly selected as the preliminary case study of the feasibility of the approach that was proposed in this study. The next step is to configure the motor's dimensions and electromagnetic design parameters which are shown in Table 1 . After configuring the above-mentioned design specifications, we wrote a FORTRAN program to determine the dimensions of the motor rotor's silicon steel sheets and conduct preliminary calculations of the magnetic circuit equations. After that, we generated the motor's no-load characteristic curves as shown in Table 2 . After determining the motor's no-load operating point and conducting the calculation of electronic circuits, the next step is to carry out the detailed structural design of the rotor motor. As shown in Figure 1 , the structure of an external rotor brushless DC motor is relatively simpler to assemble. The stator is embedded into the housing. Bearings are installed on both the housing and the stator and they are responsible for supporting the motor shaft and the rotor. The bottom of the shaft is directly fixed on the motor case and the permanent magnet is fixed on the inner wall of the motor case. The entire motor structure is supported by the portion that fixes the rotor and the stator together and another location whether the shaft' front end and the housing join together. 
Build the Permanent Magnet Model for Analysis
The second stage of this study is to create a motor's permanent magnet model for analysis. This way it is able to obtain the air-gap relative magnetic permeability function and calculate the motor's no-load air-gap magnetic flux density, and induced electromotive force, and the load air-gap magnetic flux density after the motor being powered on.
Step 1: Build the Model of No-Load Air-Gap Magnetic Flux Density. The interior structure of a typical PM brushless DC motor is shown in Figure 2 . To determine the motor's no-load air-gap magnetic flux density, firstly it is required to obtain the air-gap magnetic flux density by neglecting the teeth/slots influence. The Schwarz-Christoffel transformation is used to build the relative magnetic permeability function of the air gap. Without considering the influence of teeth/slots, the analytical equation of the no-load air-gap magnetic flux density can be determined. After that, by taking the teeth/slots effect into consideration, the analytical equation of the no-load air-gap magnetic flux density can also be determined. The magnetic field distribution can then be obtained based on these equations and the boundary conditions that have been configured. Furthermore, the radial component and the tangential component of the air-gap magnetic flux density can be obtained as well. By solving the above-mentioned partial differential equations, the relative magnetic permeability function, the analytical model and the analytical solution of the motor's no-load air-gap magnetic flux density can also be obtained. At this stage, the air-gap magnetic flux density of teeth/slots is negligible. However, the motor's load air-gap magnetic flux density should not be neglected since the magnetic field induced by the motor's coil (i.e., armature winding) is a pulsed rotating magnetic field when the motor is operating under load. The coil is then generating inductance within its armature winding. When the armature reacts in a way of pulsed magnetic field, this means the direction of the electric current within the coil's armature winding is alternating. The armature's transformed reaction magnetic field generates the induced electromotive force within the coil winding. This phenomenon affects the current waveform of the coil's armature winding and the motor's torque characteristics.
Step 2: Build the Model of the Air-Gap Magnetic Flux Density and the Induced Electromotive Force and Determine the Essentials for Analysis. The next step is to build the PM brushless DC motor's air-gap magnetic flux density and conduct the finite element analysis of the induced electromotive force. The problem to be solved by the analytical method has been simplified and the requirements of boundary conditions are more stringent. In other words, complex boundary conditions might be difficult to converge. As a result, it is required to assume the slots are infinitely deep when solving for the relative magnetic permeability function. Furthermore it also require to assume the slots as rectangular ones, which this makes it not easy to analyze the influence of different slot shapes and further confines its application to practical product developments. Therefore, the analytical methods often fail to obtain a solution. On the other hand, the FEM is provided with theoretical foundation and has been extensively applied in various fields as an effective numerical analysis method. Moreover, it is also an effective approach of analysis for different boundary conditions and complicated problems with irregular structures and shapes. It divides an enclosed domain which contains the continuous function in partial differential representation into a limited number of small areas. That is, each of the small areas is represented by a selected approximation function so that the entire domain function can be discretized. Thereby we can obtain a group of similar algebraic equations which lead to simultaneous equations that can be solved for the approximate value. At the moment, the FEM is the most extensively used approach for calculating the electromagnetic field for motors. The advantage of using FEM is fourfold: 1) The coefficient matrix is symmetrical, positive definite, and sparse and can help save a considerable amount of calculation time.
2) It is very convenient when dealing with the type 2 boundary condition and the interface condition with the internal medium. No further processing is required for the type 2 boundary condition and the medium interface condition with no surface current density. 3) It allows flexible mesh configuration, which makes solving geometrically complex shapes such as motors easy. 4) It is very convenient to handle the characteristics of any non-linear medium such as the core magnetic saturation. No excessive assumption is applied to the physical model of the motor during the calculation process. This approach is provided with higher accuracy and can accurately calculate a motor's performance and parameters under the effect of teeth/slots.
Step 3: Build the Model of Air-Gap Magnetic Flux Density, No-Load Magnetic Field, and Load Magnetic Field and Determine the Essentials for Analysis. For a motor with no load, only a permanent magnet takes effect and generates air-gap magnetic flux density. Therefore, it is required to build a mathematical model of the permanent magnet for further analysis. Due to the fundamental relationship between the electric current and the magnetic flux density, any magnetic field can be regarded as the product of the current distribution. A permanent magnet can be modeled by two types of current simulation approaches as follows. 1) Simulation of a permanent magnet by volume current.
2) Simulation of a permanent magnet boundary by surface current. If the main magnet is uniformly magnetized, the permanent magnet's internal equivalent volume current density equals zero. Therefore, only the equivalent surface current exists. To simplify the calculation of a motor's no-load magnetic field, we made assumptions during the analysis as follows. 1) The material is isotropic and the hysteresis effect of ferromagnetic materials can be neglected. 2) The PM material has been uniformly magnetized.
3) The variation in the motor's axial magnetic flux density can be neglected. The above-mentioned approach can be utilized to quickly and accurately calculate the magnetic vector potential of each motor node. Furthermore, it helps obtain the no-load air-gap magnetic flux density of each of the motor nodes so as to obtain the distribution of the air-gap magnetic flux density waveform. Fourier transform was then applied to the air-gap magnetic flux density and the fundamental wave and other orders of harmonic waves of the air-gap magnetic flux density were obtained, along with the single-conductor fundamental-wave electromotive force and the phase winding magnetoresistance fundamental-wave electromotive force. To facilitate modeling and analyzing efforts and to reduce development time by design assessments, the JMAG software was utilized for the magnetic field analysis and control circuit simulation so as to obtain a motor's no-load and load air gap magnetic field and waveform. The results were cross verified with the calculation results obtained by the FORTRAN program earlier. During the calculation of a motor's inductance parameters, the winding layout is regular and symmetric if the number of slot winding is an integer since the slot counts for each pole or each phase are integers. On the other hand, if the fractional slot winding approach is used, its winding layout will be different from the integer slot winding designs. The winding layout of a fractional slot winding design is more flexible. For the simulation in this study, the model was built by the fractional slot winding approach so as to generalize the motor design for future applications. When calculating the winding inductance parameters, only the winding current effect can generate the air-gap magnetic flux density. In other words, a permanent magnet's boundary equivalent surface current density in the magnetic vector equation equals to zero, i.e., Js=0. The vector magnetic potential of a unit node when only the electric current exists can be obtained. The winding inductance can thus be obtained from vector magnetic potential, stator core length, and the turns-in-series within each phase winding. In addition, the slot average magnetic vector potential can be obtained from the weighted average of the magnetic vectors for all of the units within a slot.
Motor Model for Analysis and Design Parameters
This step is to build the PM brushless DC motor model and determine the design parameters. The model contains four portions which include the armature winding, permanent magnet, magnet frame, and stator. Before carrying out motor analyses, it is required to build an effective motor model based on the motor's own structure and the dimensions of each of the motor components as shown in Figure  3 . The coils were built in bump shapes which attach to the silicon steel sheets for the purpose of simplicity. This PM motor model comprises 1) stator, 2) rotor motor case, 3) permanent magnet, and 4) coil armature winding. The resulting grids of the PM motor are shown in Figure 4 in which triangular grids were used for modeling with the emphasis on solving for the air gap. Dimensions of each portion of the brushless DC motor in the present work and their related electromagnetic parameters are shown in Table 3 . Considering characteristics of the brushless DC motor's magnetic field distribution, a two-dimensional model of static magnetic field was used for analysis and the procedure is described as follows. 1) Create the model, 2) Configure boundary conditions, 3) Configure solver parameters, and 4) Create meshes. Based on the domain size and engineering units defined for the model, a brushless DC motor model was created in this study. As for the settings of boundary conditions, symmetrical boundaries were adopted and the boundary values were assigned as 0. At the initial state, firstly we carried out the analysis of motor conditions with no load and thus the motor's armature winding current was also assigned as 0. When configuring the solver parameters for torque analyses, the rotor motor case and the permanent magnet are regarded as the objects that are subject to forces. The inductance values configured for the winding connections are as shown in Figure 6 . When creating grids, it is required to apply adequate sizes to the grids for simulation and various cases of different mesh sizes including 0.1mm, 0.5mm, and 1mm were tested. The most accurate result was obtained when the grid size is 0.1mm. However, the required time to convergence is much longer. When the grid size is 1mm, the calculation time was shortened but the calculation result was not accurate enough since the grids were coarser. As a result, 0.5mm grid size was determined to be the optimal one in this study. In order to study the air gap width and the influence of the permanent magnet width on the motor performance such as magnetic flux density, the stator structure remained unchanged upon model creation and the variables include only the inner and outer diameters of the permanent magnet and the rotor motor case. For Cases 1 & 3 with the same tooth width (1.3 mm) but different air gap (0.8 mm & 1.3 mm), the magnetic flux densities are respectively 2.54T & 2.39T. Similarly, the magnetic flux densities are respectively 2.62T & 2.56T for Cases 2 & 4 with the same tooth width (2.3 mm). It is thus known that the magnetic flux density apparently decreases when the air gap is increasing as shown in Figure 5 . Moreover, the permanent magnet width affects the pole arc coefficient and has a greater influence on a motor's magnetic field. Similarly, the rotor and stator shapes remained the same when the permanent magnet width of the model was changing. The analysis of the permanent magnet's magnetic flux density under different width is shown in Figure 6 and the resulting values are 5.3T for 1.5 mm and 3.6T for 2.0 mm. It is known from this result that, increasing the permanent magnet width makes the magnetic flux density smaller instead. In addition, this study attempted to investigate whether this design parameter affects the motor torque with different stator shapes. Therefore, stator shapes of two different values (i.e., 1.2 mm & 1.5 mm) of tooth width as shown in Figure 7 were further analyzed. The results indicated that, the motor torque of 1.2 mm tooth width is 1.362-1.374 N-m and that of 1.5 mm tooth width is 1.398-1.425 N-m. Therefore, the motor torque increases when the stator width is increasing. At the final stage, we carried out observations on the motor characteristics under the dynamic state. By performing the analysis within the 0-15 sec span, some behaviors were found on the motor as follows.
1. The magnetic vector potential and magnetic flux density started lower and kept increasing during the motor operation until it reached the steady state as shown in Figure 8 . 2. The nodal force, surface force density, and electric current density started higher and kept decreasing during the motor operation until it reached the steady state as shown in Figure 9 . 3. As soon as the motor started operating, the intensity of magnetization did not change with time and therefore this characteristic is under a steady state as shown in Figure 10 . 
Conclusions
The main objective of this study is to construct equations for a motor's electromagnetic field and operating characteristics via theories related to PM brushless motors and relevant design conditions. The parameterization and criteria of a motor design can be presented in a systematic way by writing a customized program that can realize the preliminary verification of the theories for motor designs. Given the dimensions of a motor structure, motor models can be quickly built by the software so that a motor's no-load and load performance can be quickly analyzed. The verification of a motor's internal design was realized by the FEM and thereby the motor's important design parameters can be adjusted for optimization. The influence of various dimensions on the motor performance was also investigated. The cogging torque of a micro PM BLDC motor is known as a critical factor which affects the quality of motor operation. Therefore, the effects of stator teeth/slots and shapes and the direction alternation on the winding were analyzed by simulation. Based on the findings, this study attempted to find an approach for improving the cogging torque and verifying the rationality of a motor design. The results obtained from the design optimization model can be applied to different motor structures and characteristics. Depending on the operating conditions, this approach allows designers to quickly carry out the development of micro PM brushless DC motor products. This study also contributes to the academic and industrial circles by assisting vendors in enhancing their motor designs' efficiency, quality, timeliness, and competitiveness so as to meet the requirements of green and energy-efficient technologies in the future. The design parameters are worthy of further investigation and follow-up researchers are advised to continue similar studies from the aspects as follows. 1) Conduct integrated research by adding an impeller to the motor for real load analysis. 2) Depending on different characteristics of motor structures and product operating conditions, new design parameters can be included for improving the current optimization approach. 3) Conduct further research on motor vibrations or noise by considering the tolerances resulted from machining or assembling motor components.
